Abstract: A neural network model is constructed according to 4F optical correlator. New optical filter is obtained by training the neural network. For recognition of distortion targets, the correlation peaks from correlator applying new filter are averagely increased up to 306.7% than applying the OTSDF filter, and correlation peaks are higher, sharper and easier to be distinguished, which indicates optical correlator with new filter have better performance in distortion invariant recognition.
Introduction
Optical correlation recognition has the advantages of high speed, high precision, parallel processing of information, anti electromagnetic interference and stable performance. With the higher requirements of intelligent application to target recognition, the optical correlation recognition technology has a wider field of application. There are application reports in areas such as car-assisted driving, bioinformatics detection, and big data retrieval, etc. [1] - [5] . An optical matching filter is the key component to determine the recognition performance of an optical correlator. A filter with large distortion tolerance can accurately recognize targets with large distortion, which can improve recognition ability of the system. At present, the optical filter is mainly designed and generated by the mathematical transformation of the distorted targets spectrum, and the design algorithm mainly based on the synthetic discriminate function (SDF) filter [6] , [7] and its improved algorithms such as MVSDF [8] , MACE [9] , MACH [10] , and OTSDF [11] and so on. Thereinto, the OTSDF filter is the most widely used because of the sharp output correlation peak, strong anti-noise ability, relatively large distortion tolerance by synthesizing the advantages of the above filters. However, its recognition ability and distortion tolerance are still limited in recognition of the distortion target. Output evaluation parameters of correlation peak are mutually exclusive when one of them is improved at the expense of degradation in another. Therefore, it is difficult to enhance the comprehensive parameters of correlation peak to a high level, which affects the accurate judgment of the target. In the practical application of the optical recognition, the optical filter is composed by many phase points with its numbers determined by the loading performance of Spatial Light Modulator which usually posses hundreds of thousands to millions pixels. So designing the filter can be transformed into the problem of solving for the optimal combination of phase points.
With the increasing of phase points of the filter, the calculation amount of optimization will increase dramatically. The general optimization algorithm is difficult to obtain the convergent result directly and quickly. Therefore, it is urgent to search a simple and efficient method to optimize the combination of the large data and can seriously improve all the performance parameters of the filter. The artificial neural network has strong learning ability and data processing capabilities, and parameters such as weights of the network can be optimized by multiple training with a large number of samples through back-propagation algorithm [12] and optimization algorithm [13] , which leads the minimization of the output error of the network. The deep learning ability of neural network focuses on the optimization to parameters such as network weights. Therefore, the best combination of weights can be obtained by applying multiple training by constructing a suitable network model [14] , and setting the optimization object and optimization requirements as the weight parameter and output error of the network, respectively. The neural network framework TensorFlow developed by Google [15] has a strong parallel computing model to greatly improve the speed of neural network training, leading to its unique advantages of fast and efficient compared with other optimization algorithm. It is most widely used in machine learning and deep learning project nowadays.
Our group has successfully applied the neural network algorithm to solve the problem of the microstructure distribution on the lower surface of the light guide plate [16] , and posses many years of research experience in optical correlation recognition and micro optical design [17] - [23] . Based on the previous research, a novel method of neural network applied in optical correlation recognition is presented to enhance the poor performance in 4F optical correlator. A new neural network is established according to the classical 4F optical correlation recognition system, with the mapping between the layers in the network simulating the corresponding optical transformation in optical recognition, and the phase factor of optical filter equivalent to neural network weighting factor. Using the learning principle of neural network to realize the optimal design of optical filter, it is expected to solve the problem of difficulties in efficiently optimizing optical filter. The optimized filter is applied to 4F optical correlator for various distortion targets recognition, performance evaluation parameters of the correlation peak such as the correlation peak intensity (CPI), peak to the correlation energy (PCE) [11] , signal noise ratio (SNR) [24] have been averagely increased by 91.4% more than applying the OTSDF filter. The output correlation peak is higher and sharper, and easier to be distinguished. Our method can improve the performance of the optical correlator in distortion invariant recognition, and has important significance for the practical application.
Establishment of Neural Network Correlation Recognition Model
The traditional structure of neural network is shown in Fig. 1 . The neurons in each layer are connected by specific mapping relation, samples are transmitted from the input layer and then through layer by layer to the output layer, and corresponding output results are obtained in the output layer. Then the output error of the network can be obtained by comparing the output results with the desired results. The parameters of the mapping weights in the network are adjusted through the back propagation algorithm [12] and the optimization algorithm [13] according to the output error. The whole network is trained by a large number of samples, and the output of the network is constantly approaching the expected output. Finally, the optimal neural network mapping parameters are obtained, so that the neural network model has the minimum output error for all training samples.
The 4F structure optical correlator is the most classic optical recognition system [25] with its structure shown in Fig. 2 , in which the focal length of the two Fourier lenses are both equal to F. The optical transformation process can be divided into 7 steps as follows:
1) The input target is placed in the front focal plane of Lens 1, then the parallel beam which carries information of the input target propagates for a distance of F by Fresnel diffraction and reaches the front surface of Lens1; 2) The phase transformation by Lens 1;
3) The beam continues to propagate for a distance of F by Fresnel diffraction and reaches the back focal plane of Lens1, i.e., the spectrum plane of the input target; 4) The filtering transformation by the matched filter; 5) The beam continues to propagate for a distance of F by Fresnel diffraction and reaches the front surface of Lens2; 6) The phase transformation by Lens 2; 7) The beam continues to propagate for a distance of F by Fresnel diffraction and finally reaches the back focal plane of Lens 2, i.e., the receiving plane the of the correlation signal. The target authenticity is identified by judging the correlation signal in the output plane. According to the 4F structure optical correlator transformation steps, the neural network correlation recognition model (NNCRM) which simulates the 4F structure optical correlator can be established by remodeling the mapping relationship of traditional neural network, as shown in Fig. 3 . The NNCRM has 8 layers, and each layer neurons represent the sampling points of the light field. The mapping relationship between neurons in each layer simulates the corresponding optical transformation in optical recognition. The filter phases are set to the mapping weight between the 4th and 5th layers. The target is input from the first layer, the first layer neurons represent the complex amplitude distribution which after the parallel light passing through the target, and also represent transmittance of the target. Then the neurons of each layer represent the complex amplitude distribution of the incident light passing through each step optical transformation, and the neurons are connected with the corresponding neuron in the next layer with a fixed mapping relationship, and the mapping relation between the layers are represented by the formulas (1)- (7) .
In order to construct the Fresnel diffraction mapping, we transform the integral operation of the Fresnel diffraction from spatial domain into the frequency domain, so it can be expressed by the dot product between the Fourier transform matrix of optical field and transfer function matrix of Fresnel diffraction, and then do the inverse Fourier transform to obtain the complex amplitude distribution in spatial domain. The formula (1), (3), (5), (7) represent the Fresnel diffraction transformation. The mapping of the lens transformation and the mapping of the filter transformation can be directly expressed by the dot product between the complex amplitude matrix of the optical field and the lens or filter transmittance matrix in the spatial domain, as shown in the formula (2), (4), (6) . The points in the above formulas represent the matrix dot multiplication operation.
According to the above idea, the neural network model can be constructed to simulate the process of optical correlation recognition, and the specific mapping relation between each layer can be expressed as follows:
The target is input from the first layer of the network, and the neurons in first layer represent the complex amplitude distribution after the parallel light passing through the target. So the neurons in the first layer can be represented by the transmittance of the input target f(x, y), and connected with neurons in the second layer by Fresnel diffraction. The mapping relation is expressed as (1):
is the complex amplitude distribution of optical field on the front surface of the lens 1 and represents the neurons state in second layer. FT −1 represents the inverse Fourier transform, [26] . The 2nd and 3rd layers are connected by lens 1 phase transformations, and the mapping relation is expressed as (2):
F(u, v) is the Fourier transform of the input target f(x, y), and H(u, v) is the Fresnel diffraction transfer function
E 2 (x 2 , y 2 ) is the complex amplitude distribution of optical field on the back surface of the lens 1 and represents the neurons state in third layer.Lens 1(x 2 , y 2 ) is the transmittance function of lens 1 [27] . The 3rd and the 4th layer are connected by Fresnel diffraction, and the mapping relation is expressed as (3): y 3 ) is the complex amplitude distribution of optical field on the back focal surface of the lens 1 and also is the Fourier transform of the target, and represents the neurons state in 4th layer. FT represents the Fourier transform. The 4th and the 5th layer are connected by filtered transformation, and the mapping relation is expressed as (4):
E 4 (x 4 , y 4 ) is the complex amplitude distribution of optical field after the target spectrum is filtered transformation, and represents the neurons state in 4th layer. F i lter (x 3 , y 3 ) is the transmittance function of the filter which can be expressed by e −iθ n , the θ is the phase of the filter which is set as the connection weighting factor between the 4th and 5th layers. The target spectrum reaches the 5th layer after filtering transformation. The 5th and 6th layers are connected by the Fresnel diffraction, and the mapping relation is expressed as (5):
is the complex amplitude distribution of optical field on the front surface of the lens 2, and represents the neurons state in 6th layer. The 6th and 7th layers are connected by lens 2 phase transformations, and the mapping relation is expressed as (6):
E 6 (x 6 , y 6 ) is the complex amplitude distribution of optical field on the back surface of the lens 2 and represents the neurons state in 7th layer. Lens 2(x 5 , y 5 ) represents the transmittance function of Fourier lens 2. The 7th and the 8th layer are connected by Fresnel diffraction, and the mapping relation is expressed as (7): y 7 ) is the complex amplitude distribution of optical field on the receiving surface and represents the neurons state in 8th layer. The 8th layer data is the result of the optical correlation recognition.
According to the above mapping relations, the optical transformation process of correlation recognition can be transformed into 8 layer neural network. In the whole network, only the mapping between the 4th and 5th layers can be changed with the filter, the phase factor of the filter are set as the weights that can be optimized. The other network layers are fixed mappings, so the neural network model (NNCRM) can be used to optimize the filter. The training target such as the Elaine image which is shown in Fig. 3 is input from the first layer, and the output data is obtained from the 8th layer after the network transformation. The correlation peaks in Fig. 3 are plotted according to the output data. The evaluation parameters of the correlation peak CPI, PCE, SNR are calculated to generate the error function value of the network. The error value is transferred to the 4th and 5th layer by the back-propagation algorithm [12] , and then the phase values θ n of the filter are updated by the optimization algorithm [13] of the neural network, so the transmittance function of the filter e −iθ n is changed and the mapping between the 4th and 5th layer is also changed. Using the distorted targets as the samples to train the network until the network has the minimum error function value for all the samples. At this time the mapping weight between the 4th and 5th layers is the optimum phase distribution which can make the filter have the best recognition performance for the distortion target. The gray scale in the Fig. 3 is the optimized phase distribution of the filter, and its gray value 0-255 corresponds to the phase value of the filter 0-2π. The 8 layer neural network model not only reveal the physical process of the 4f optical correlator, but also is beneficial to transform the neural network for simulating the correlator with other structure in the future, such as 2f optical correlator, or oblique incident optical correlator [17] , and it lays the foundation for the filter optimization of other structure correlator.
Filter Optimization Method by Applying Neural Network and Simulation Results on Distortion Invariant Recognition
In the optical correlation recognition, the phase of the matched filter is conjugate with the phase of the target frequency spectrum. The frequency spectrum of the target is filtered in the spectral plane, the phase are canceled to zero, and then through the inverse Fourier transform, a sharp correlation peaks will be obtained on receiving plane [28] . If the phase of the filter cannot cancel the phase of the input target frequency spectrum, the correlation peaks will not be obtained. So the target is true or false can be distinguished by judging whether the correlation peak exists on the receiving plane. However, when the target is distorted, the frequency spectrum of the target will also be changed. The filter which is used for recognizing the original target cannot cancel the phase of the distorted target spectrum, so it can't obtain a high correlation peak. In order to realize the recognition of the distorted target by the filter, it is necessary to seek a trade-off between the phase distributions of the filter so that the sum of the phases of the filter and the phase of the distorted target are approached to zero. This paper adopts the neural network to optimize the filter phase and look for the phase combination of the filter, so that it can achieve a higher correlation peak and accurate recognition for each distortion target.
Based on the neural network correlation recognition model in the Fig. 3 , the 8 layer neural network model is constructed by using the TensorFlow. The distorted targets are used to train the network to optimize the filter. The filter optimized in this paper is the pure phase device with 1080 * 1080 phase points, the value of the phases are distributed between 0-2π. The filter can be directly applied on 4F optical correlator to realize the accurate recognition of various distorted targets.
The filter optimization flowchart is shown in Fig. 4 . First, we construct and initialize the network model by setting up the appropriate initial weight factor. In this paper, we choose the conjugate phase of the Fourier transform of original target as the initial weighting factor and input the distortion targets to train the network. Each distortion target is input from the first layer, through the fixed mathematical transformation of the each layer, the output data is obtained on the last layer, and this data is the result of current filter's recognition for the input distortion target. Then the performance of the filter can be evaluated by analyzing the evaluation parameters of the output correlation peak, which is taken as the error evaluation function factor of the neural network as formula (8) 
The smaller value of the error evaluation function is, the greater value of the correlation peak parameters which indicates the sharper and higher correlation peak, and represents the better recognition performance of the current filter. The In operation in the formula (8) is to make the three correlation peak parameters increase simultaneously with a more approaching amplitude in the optimization process, and avoid the problem that one index is too high and other indexes are too small. The optimization will not stop until the value of the error evaluation function reaches the desired value, and then the final weight factor of the neural network are the optimal phase combination of optical filter. If the value of the error evaluation function doesn't reach the desired value, the optimization will continue until reaching the requirement or the maximum number of the iterations.
In this paper, based on the constructed neural network model, three kinds of filters which can recognize different distortion targets are optimized by applying three different distortion target sets to train the networks. The Elaine image is used as the original target to be recognized, and its three kinds of distorted image sets are generated to train the neural network. The three distorted image sets includes original images of the rotation (−50°, +50°) with interval 5°, scaling (50%, 150%) with interval 5%, and the simultaneous existence of rotation (−50°, +50°) with interval 10°and scaling (50%, 150%) with interval 10%. Finally, the three optical filters for recognizing these three kinds of distorted images are obtained, and it can be called the Neural Network Correlation Recognition Filter (NNCRF).As a contrast, the corresponding OTSDF filters is also generated by using above three distortion image sets according to its design algorithm [6] .
In order to verify the recognition effect of the filter, this paper also uses MATLAB to write the program to simulate the recognition process of the 4F optical correlator. The NNCRF and the OTSDF filter are loaded on this simulation program respectively to recognize various distortion targets such as the distortion with rotation, scaling, and existed scaling and rotation simultaneously. The output correlation peak parameters of the corresponding filters are given out and the parameters comparison are shown as Figs. 5-7. In Fig. 5 , the horizontal coordinate represent the angle of the input object rotated. In Fig. 6 the horizontal coordinate represent the proportion of the input objects scaling. In Fig. 7 the horizontal coordinate represent the distorted target sequence. The image sequence represents the image sequence of the distorted target set, which is composed by distorted images with the simultaneous existence of rotation (−50°, +50°) with interval 10°a nd scaling (50%, 150%) with interval 10%. The ordinates in above three figures represent the corresponding CPI, PCE, SNR values of the correlation peak. It can be seen from the figures, 4F optical correlator applies the NNCRF filter to recognize the various kinds of distortion targets, each evaluation parameter of correlation peaks relative to the OTSDF filter has significantly increased, the average increase is 91.4% at least and 306.7% at highest, and the specific average increasing value is shown in Table 1 . The Fig. 8 are the morphology comparisons of the correlation peak, the correlation peak in Fig. 8(a) are the output of the 4F optical correlator respectively applying the NNCRF filter and the OTSDF filter to recognize the input target with false object, and the applied NNCRF and OTSDF are optimized and trained by the scaling distortion image set. The correlation peak in Fig. 8(b) are the output of the 4F optical correlator respectively applying the NNCRF filter and the OTSDF filter to recognize the input target with scaling 80% and right rotation 35 degrees, and the applied NNCRF and OTSDF are optimized and trained by the scaling and rotation distortion image set. These two input targets are outside of the corresponding training image set. It is obvious from the comparison that the corresponding correlation peak of the NNCRF is much higher and sharper than the OTSDF filter. It means that correlation peaks from the NNCRF is easier to discriminate and the NNCRF has better recognition performance. The above comparisons reveals that the correlation peak parameters of applying the NNCRF to recognize various distortion targets have greatly improved relative to OTSDF filter. It indicates that the method to optimize the filter by using neural network can effectively solve the problem of the optical filter, such as low performance and difficult to optimization. The optical correlator which applies the NNCRF will be more excellent in distortion invariant recognition and more beneficial to the practical application.
Conclusion
In this paper, a new method of neural network correlation recognition is presented, and a new 8 layer neural network model is constructed based on the 4F optical correlator recognition. The mapping relationship of the network connection is equivalent to each step of optical transformation in the correlation recognition. Neurons in each layer of the network correspond to the result of each optical transformation. The phases of optical filter are set as weighting factor of the neural network layer which simulates the optical filter transform. The parameters of the correlation peak are taken as the error evaluation factor. The neural network is trained by the distortion targets, so that optical filter is optimized by learning principle. Finally, the neural network correlation recognition filter (NNCRF) is creation.
The NNCRF and the OTSDF filter are applied into the 4F optical correlator respectively to recognize three distortion targets of rotation (−50°, +50°), scaling (50%, 150%) and simultaneous rotation (−50°, +50°) and scaling (50%, 150%). Comparisons results show that the evaluation parameters of the obtained correlation peak by applying the NNCRF are significantly higher than the OTSDF filter and averagely increased up to 306.7%. It indicates that correlation peaks from the NNCRF filter is easier to be distinguished which can significantly improve the ability of distortion invariant recognition for the 4F optical correlator.
The 8 layer neural network model constructed in this paper not only reflects the physical process of 4F optical correlator, moreover, and it can be easily remodeled into a new neural network simulating other structural optical correlator. This method transforms the learning and training process of neural network into the optimal design process of optical filter, the method is simple and efficient, the performance of the obtained filter is superior. It provides a new idea for the design of the optical devices with complex structures.
